NAVAL 

POSTGRADUATE 

SCHOOL 

MONTEREY,  CALIFORNIA 


THESIS 


SOLID  STATE  CAPACITOR  DISCHARGE  PULSED 
POWER  SUPPLY  DESIGN  FOR  RAILGUNS 

by 

Jesse  H.  Black 
March  2007 

Thesis  Advisor:  Alexander  L.  Julian 

Co- Advisor:  William  B.  Maier  II 


Approved  for  public  release;  distribution  is  unlimited. 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


REPORT  DOCUMENTATION  PAGE _ |  Form  Approved  OMB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instruction, 
searching  existing  data  sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send 
comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing  this  burden,  to 
Washington  headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA 
22202-4302,  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188)  Washington  DC  20503. 

1.  AGENCY  USE  ONLY  (Leave  blank) 

2.  REPORT  DATE 

Mareh  2007 

3.  REPORT  TYPE  AND  DATES  COVERED 

Master’s  Thesis 

4.  TITLE  AND  SUBTITLE  Solid  State  Capacitor  Discharge  Pulsed  Power  Supply 
Design  for  Railguns. 

5.  FUNDING  NUMBERS 

6.  AUTHOR(S)  Jesse  H.  Black 

_ 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Naval  Postgraduate  School 

Monterey,  CA  93943-5000 

8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

9.  SPONSORING  /MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

N/A 

10.  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 

11.  SUPPLEMENTARY  NOTES  The  views  expressed  in  this  thesis  are  those  of  the  author  and  do  not  reflect  the  official  policy 
or  position  of  the  Department  of  Defense  or  the  U.S.  Government. 

12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  is  unlimited. 

12b.  DISTRIBUTION  CODE 

A 

1  13.  ABSTRACT  (maximum  200  words) 

This  thesis  presents  a  solid  state  thyristor  switched  power  supply  capable  of  providing  50  kJ  from  a  high 
voltage  capacitor  to  a  railgun.  The  efficiency  with  which  energy  is  transferred  from  a  power  supply  to  a  projectile 
depends  strongly  on  power  supply  characteristics.  This  design  will  provide  a  better  impedance  match  to  the  railgun 
than  power  supplies  utilizing  spark  gap  switches.  This  supply  will  cost  less  and  take  up  less  volume  than  a  similar 
supply  using  spark  gap  switches;  it  will  also  produce  a  smaller  electromagnetic  pulse.  Voltage  limitations  on  the 
thyristors  require  two  in  series  acting  as  a  single  switch.  Railgun,  snubber  circuit  and  gate  control  systems  were 
modeled  for  a  50  kJ  railgun  supply.  These  simulations  yielded  component  values  necessary  to  protect  and  control  the 
thyristors  for  voltages  up  to  10  kV,  currents  up  to  180  kA,  and  changes  in  current  with  respect  to  time  up  to  10^  A/s. 

14.  SUBJECT  TERMS  Pulsed  Power,  Thyristor,  Gate  Control  Cireuit,  Snubber  Cireuit. 

15.  NUMBER  OF 

PAGES 

74 

16.  PRICE  CODE 

17.  SECURITY 
CLASSIFICATION  OF 
REPORT 

Unelassified 

18.  SECURITY 

CLASSIFICATION  OF  THIS 
PAGE 

Unelassified 

19.  SECURITY 
CLASSIFICATION  OF 
ABSTRACT 

Unelassified 

20.  LIMITATION  OF 
ABSTRACT 

UL 

NSN  7540-01-280-5500 


Standard  Form  298  (Rev.  2-89) 
Prescribed  by  ANSI  Std.  239-18 


1 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


n 


Approved  for  public  release;  distribution  is  unlimited. 


SOLID  STATE  CAPACITOR  DISCHARGE  PULSED  POWER  SUPPLY  EOR 

RAILGUNS 

Jesse  H.  Black 

Lieutenant,  United  States  Navy 
B.S.,  University  of  Idaho,  2000 


Submitted  in  partial  fulfdlment  of  the 
requirements  for  the  degree  of 


MASTER  OF  SCIENCE  IN  ELECTRICAL  ENGINEERING 


from  the 


NAVAL  POSTGRADUATE  SCHOOL 
March  2007 


Author:  Jesse  H.  Black 


Approved  by:  Alexander  L.  Julian 

Thesis  Advisor 


William  B.  Maier  II 
Co-Advisor 


Jeffery  B.  Knorr 

Chairman,  Department  of  Electrical  Engineering 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


IV 


ABSTRACT 


This  thesis  presents  a  solid  state  thyristor  switehed  power  supply  eapable  of 
providing  50  kJ  from  a  high  voltage  capaeitor  to  a  railgun.  The  effieiency  with  which 
energy  is  transferred  from  a  power  supply  to  a  projectile  depends  strongly  on  power 
supply  characteristics.  This  design  will  provide  a  better  impedance  match  to  the  railgun 
than  power  supplies  utilizing  spark  gap  switches.  This  supply  will  cost  less  and  take  up 
less  volume  than  a  similar  supply  using  spark  gap  switches;  it  will  also  produce  a  smaller 
electromagnetic  pulse.  Voltage  limitations  on  the  thyristors  require  two  in  series  acting 
as  a  single  switch.  Railgun,  snubber  circuit  and  gate  control  systems  were  modeled  for  a 
50  kJ  railgun  supply.  These  simulations  yielded  component  values  necessary  to  protect 
and  control  the  thyristors  for  voltages  up  to  10  kV,  currents  up  to  180  kA,  and  changes  in 
current  with  respect  to  time  up  to  10^  A/s. 


V 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


VI 


TABLE  OF  CONTENTS 


I.  INTRODUCTION . 1 

A.  PURPOSE . 1 

B.  OVERVIEW . 1 

C.  APPROACH  /  THESIS  ORGANIZATION . 3 

II.  DESIGN . 5 

A.  POWER  SUPPLY . 5 

1.  Introduction . 5 

2.  Model  Simulation  Using  Simulink  and  Matlab . 6 

3.  Component  Selection . 8 

4.  Summary . 10 

B.  SNUBBER  CIRCUIT . 11 

1.  Introduction . 11 

2.  Model  Simulation  Using  Matlab . 12 

3.  Component  Selection . 12 

4.  Summary . 14 

C.  GATE  CONTROL  CIRCUIT . 14 

1.  Introduction . 14 

2.  Signal  Conditioning  for  One  Gate  Control  Circuit . 15 

3.  Signal  Sequencing  for  Both  Gate  Control  Circuits . 20 

4.  Model  Simulation  Using  Matlab  to  Design  the  Transformers . 21 

5.  False  Triggering  Suppression  and  Circuit  Protection . 24 

6.  Summary . 28 

III.  EXPERIMENTAL  DATA  ACQUISITION  FOR  GATE  CONTROL 

CIRCUIT . 31 

A.  INTRODUCTION . 31 

B.  CONSTRUCTION . 31 

C.  DATA  COLLECTION . 32 

1.  High  Voltage  Isolation  Transformer . 32 

2.  Sequence  Testing . 34 

IV.  CONCLUSIONS  AND  RECOMMENDATIONS . 37 

A.  INTRODUCTION . 37 

B.  VALIDATIONS  OE  MODELS . 37 

C.  RESEARCH  QUESTION  ANSWERED . 37 

D.  FUTURE  WORK . 37 

E.  CONCLUSIONS . 39 

APPENDIX  A . 41 

APPENDIX  B . 47 

APPENDIX  C . 49 

LIST  OF  REFERENCES . 53 

vii 


INITIAL  DISTRIBUTION  LIST 


LIST  OF  FIGURES 


Figure  1.  Projectile  Comparison  [from  Ref.4] . 2 

Figure  2.  Electric  Circuit . 5 

Figure  3.  Railgun  model . 6 

Figure  4.  Electrical  circuit  model . 7 

Figure  5.  Simulink  Model  of  a  Railgun  [from  Ref  4] . 8 

Figure  6.  ABB  Data  Sheet  for  the  5STP  42U6500  Phase  Control  Thyristor  [from 

Ref  6] . 9 

Figure  7.  Surge  on-state  current  vs.  pulse  length.  Half-Sine  wave,  [from  Ref  6] . 9 

Figure  8.  Simulated  behavior  of  mechanical  variables . 10 

Figure  9.  Simulated  railgun  current . 1 1 

Figure  10.  Simulink  Model  for  Snubber  Circuit  Component  selection  [from  Ref  4] . 12 

Figure  11.  Simulated  thyristor  voltage  sharing  when  the  tum-on  differs  by  0.5  ps  . 13 

Figure  12.  Snubber  circuit  pictures  from  top  left  moving  clockwise.  PCB123  board 

layout,  PCB123  3-D  View,  Side  view.  Top  View . 14 

F igure  1 3 .  Recommended  gate  current  waveform  [from  Ref  6] . 15 

Figure  14.  Gate  driver  equivalent  circuit . 16 

Figure  15.  Gate  Control  Circuit . 17 

Figure  16.  Top  down  view  of  Gate  Control  Circuit . 17 

Figure  17.  RA  Values  to  set  td  based  off  specific  C  values,  [from  Ref  (8)] . 19 

Figure  18.  Side  view  of  Gate  Control  Circuit . 21 

Figure  19.  Simulink  Transformer  Model  to  Determine  Values  of  Rgl  and  Rg2 . 22 

Figure  20.  Details  of  subsystem  in  Simulink  Model . 23 

Figure  2 1 .  Simulated  current  pulses  from  the  Simulink  Transformer  Model . 24 

Figure  22.  Maximum  rated  values  for  triggering  [from  Ref  6] . 25 

Figure  23.  Table  and  chart  of  computing  attenuation  for  shielding  [from  Ref  9] . 26 

Figure  24.  Minimum  surface  creepage  distance  and  air  strike  distance . 27 

Figure  25.  EMP  Suppression  and  Creepage  and  Clearance . 27 

Figure  26.  PCB  123  top  view  of  the  gate  control  circuit . 29 

Figure  27.  PCB  123  3-D  view  of  the  gate  control  circuit . 29 

Figure  28.  Results  from  transformer  testing . 33 

Figure  29.  Gate  control  circuit  test  set  up . 34 

Figure  30.  Output  waveforms  from  the  gate  control  circuit . 35 

Figure  3 1 .  Recommended  gate  current  waveform  [from  Ref  6] . 35 

Figure  32.  Gate  control  circuit  time  delay  and  rise  time . 36 

Figure  33.  CAD  drawings  of  the  new  power  supply . 38 

Figure  34.  Picture  of  the  spark-gap  power  supplies . 39 


IX 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


X 


LIST  OF  TABLES 


Table  1.  LM555  resistor  and  capaeitor  eomponent  values  to  set  the  timing  for  the 

eurrent  pulse  Igi  and  Ig2 . 19 

Table  2.  Resistanee  values  to  set  Igi  and  Ig2 . 20 


XI 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


ACKNOWLEDGMENTS 


I  would  like  to  start  by  thanking  my  advisors,  Professor  Alex  Julian  and  Professor 
Bill  Maier  for  their  guidance  in  this  thesis  research.  I  would  like  to  thank  my  parents,  my 
brothers,  and  my  sisters  for  the  love  and  support  they  have  given  me.  Thanks  for  being 
interested  in  the  things  I  do.  Finally  and  most  importantly,  I  would  like  to  thank  my  wife 
Kristi,  my  daughter  Megan  and  my  son  Josh.  You  give  me  purpose. 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


XIV 


I. 


INTRODUCTION 


A.  PURPOSE 

The  purpose  of  this  thesis  was  to  design  a  Solid  State  power  supply  for  ongoing 
research  in  the  Naval  Postgraduate  School’s  Railgun  program.  Currently  the  power 
supplies  use  “Titan  High- Action  Spark  Gap  Switches”  to  transfer  energy  from  high 
voltage  electrolytic  capacitors  to  a  large  inductor  for  current  pulse  shaping  and  then  onto 
the  Railgun.  Although  these  power  supplies  and  switches  have  proven  to  be  reliable, 
there  is  a  need  for  them  to  be  improved.  A  solid  state  design  using  thyristors  (also  known 
as  Silicon  Controlled  Rectifiers  (SCRs))  will  be  more  efficient,  cost  less  and  take  up  less 
volume  due  to  design  simplification.  The  physical  construction  of  the  switches  will  also 
reduce  the  electromagnetic  signature.  Finally,  this  design  is  important  because  the 
Navy’s  railgun  power  supplies  will  be  switched  this  way  in  the  future  [1]. 

Two  top  level  concerns  will  be  addressed  in  this  thesis.  First,  companies  that 
build  these  parts  provide  data  sheets  with  listed  limitations.  The  problem  is  that  industry 
does  not  make  these  large  thyristors  for  impulse  power  applications.  They  are  made  to  be 
used  by  industry  in  continuous  power  applications.  This  design  will  begin  to  explore 
how  to  use  the  thyristors  in  railguns  and  not  break  them.  The  second  concern  addressed 
in  the  design  is  preventing  false  or  intermittent  triggering  of  the  thyristors.  It  is 
paramount  to  have  full  control  of  when  the  thyristors  trigger  at  the  large  energy  and 
power  levels  appropriate  for  railguns. 

B.  OVERVIEW 

The  Mission  of  the  Electromagnetic  Railgun  (EMRG)  Innovative  Naval  Program, 
based  out  of  the  Office  of  Naval  Research  (ONR),  is  to  develop  the  science  and 
technology  (S&T)  necessary  to  design,  test,  and  install  a  revolutionary  64  Mega  Joule 
(MJ)  EMRG  aboard  United  States  (U.S.)  Navy  Ships  in  the  2020-2025  timeframe  [2].  In 
the  fall  of  2006  the  Navy  commissioned  an  8  MJ  Railgun  at  the  Electromagnetic  Launch 
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Facility  (EMLF)  at  Naval  Surface  Warfare  Center  (NSWC),  Dahlgren,  VA.  By  the 
summer  of  2007  NSWC  will  have  a  32  MJ  railgun  delivered  and  the  program  schedule 
has  it  fully  operational  by  2009. 

There  are  many  advantages  to  ehanging  to  this  type  of  weapon  over  a  standard 
gun.  From  the  logistics  and  storage  perspective  these  rounds  are  non-explosive.  This 
means  a  large  reduetion  in  logistical  cost.  Also,  the  magazine  can  be  redueed  in  size 
because  it  is  considered  non-explosive  and  it  does  not  have  to  be  designed  to  withstand 
damage  or  prevent  high  explosive  inadvertent  diseharge.  Figure  1  shows  the  other 
benefits  of  the  Railgun  as  eompared  to  the  ERGM  and  TRAP  rounds.  A  smaller 
projeetile  delivers  more  energy  to  the  target,  at  a  further  distanee  in  a  shorter  period  of 
time.  The  energy  on  target  is  defined  as  Kinetic  Energy  computed  from  summing  the 
quantity  of  fragments  and  average  impact  velocity.  Under  eaeh  round  in  Figure  1  the 
weight  is  shown  with  two  numbers.  The  first  number  is  the  weight  of  the  projeetile  itself 
and  the  seeond  number  is  the  weight  of  the  propellant  eharge.  The  railgun  round,  whieh 
does  not  use  a  propellant  charge,  lists  the  equivalent  amount  of  fuel.  Two  other  benefits 
inelude  the  ability  to  seale  up  and/or  down  the  weapon  system  and  less  reeoil  exerted  on 
the  mount  [3]. 


Projectile  Comparison 


Range  43  m\\  63  am  230  nm 

Flight  Time  6D  mmutes  1 0  mirvutes  b  minutTis 

Whghi  11€  lbs  +  ^0  lbs  26D  Ibs  +  90  lbs  44lbs  +  3  gals 

Magazine  Explosive  Explosiw  Nonexplfisivc 

Figure  1.  Projeetile  Comparison  [from  Ref. 4]. 
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Not  until  the  past  couple  of  years  have  other  institutions  within  the  Railgun 
community  made  promising  improvements;  however,  there  are  still  significant  technical 
issues  that  need  to  be  resolved  in  order  to  sustain  the  program.  The  railgun  is  made  up  of 
subsystems  which  include  the  power  supply,  the  gun,  and  the  projectile.  For  the  power 
supply  the  major  concerns  are  the  energy  storage  elements,  and  what  the  switching 
typology  will  be.  For  the  gun  they  include  reducing  the  size  of  the  system,  increasing 
bore  life  and  reducing  BMP.  Finally  the  projectile  has  to  withstand  the  incredible  amount 
of  force,  acceleration  and  BMP  exerted  upon  it.  If  improvements  are  not  made  in  all 
three  subsystems,  the  total  system  has  the  chance  of  being  terminated. 

C.  APPROACH  /  THESIS  ORGANIZATION 

The  new  power  supply  was  designed  from  the  perspective  of  system  as  a  whole. 
Subsystems  for  detail  circuits  and  major  components  were  then  identified.  Component 
behavior  was  modeled  by  solving  mathematical  equations  in  Simulink,  a  software 
subprogram  that  runs  inside  Matlab.  The  model  yielded  limitations  from  which 
component  selection  was  made.  Besides  the  thyristors,  diodes  and  inductor  the  power 
supply  also  has  two  separate  sub-circuits  that  needed  to  be  designed.  A  snubber  circuit 
was  designed  to  protect  the  thyristors  statically  and  dynamically.  Then  a  gate  control 
circuit  was  designed  to  ignite  the  thyristors.  Bach  of  these  two  sub-circuits  were  put  onto 
Printed  Circuit  Boards  (PCB)  that  were  designed  and  laid  out  with  an  online  software  tool 
called  PCB  123.  Once  the  boards  were  populated  the  system  was  then  put  into  Rhino  a  3- 
D  CAD  software  tool  for  final  component  placement  and  bussing  dimensioning. 

Chapter  II  will  detail  the  design  for  the  entire  power  supply.  Chapter  III  will 
detail  the  results  from  the  testing  of  the  gate  control  circuit  and  Chapter  IV  will  highlight 
future  and  follow  on  work. 
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II.  DESIGN 


A.  POWER  SUPPLY 

1.  Introduction 

The  starting  point  of  this  design  centered  on  the  capacitor  and  its  specifications. 
The  railgun  lab  currently  has  six  1 1  kV,  50  kJ,  0.83  mf  capacitors  waiting  to  be  placed  in 
power  supplies.  The  design  focused  on  a  single  capacitor  per  supply  with  the  intent  to 
increase  to  two  capacitors  in  parallel.  Two  capacitors  would  supply  100  kJ  which  is 
equivalent  to  the  other  two  supplies  currently  in  operation.  Figure  2  shows  the  electric 
circuit.  Once  the  capacitors  are  charged  up  to  firing  voltage,  the  two  thyristors  are 
triggered  and  forced  into  forward  conduction  mode.  Energy  is  then  transferred  to  from 
the  capacitor  to  the  inductor  through  the  railgun.  The  crowbar  diodes  then  go  into 
forward  conduction  and  the  rest  of  the  energy  is  then  released  into  the  railgun. 
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2.  Model  Simulation  Using  Simulink  and  Matlab 

The  railgun  model  presented  here  was  used  to  approximate  the  shape  of  the 
source  current  and  quantify  the  voltage  stress  on  the  circuit  components  [4], 


+ 


v„ 


B=0 


x=0 


Figure  3. 


Railgun  model. 


The  magnetic  field  intensity,//,  created  by  the  current  in  the  top  rail,  z,  is  a 
function  of  the  distance  from  the  center  of  the  rail  ( r  =  0 ): 


1*  I 

//■  t/  /  =  z  =>  HIttv  =  i^  H(r)  = - where  r^>r> 

^  Inr 

The  contribution  to  flux  linkage  from  the  top  rail  is: 


—r—r  •'21 

X  =  =  ^Bd  S  =  x-^^  —  dr  =  x-^(^ln(r2)-ln(rj)) 

'i 

By  symmetry  the  contribution  to  flux  linkage  for  the  bottom  rail  is  the  same.  The 
inductance  is  defined  as  the  ratio  of  flux  linkage  to  current: 


/I 


-  =  L(x)  =  x^(ln(r2)-ln(ri)) 


The  railgun  voltage,  ,  is: 


where  /  =  — (hi  (^2 )  -  hi  (xj )) 


.  dx 

di 

.  dx 

di 

l - hx - 

=  k 

l - hx - 

dt 

dt  _ 

dt 

dt  _ 
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For  this  linear  magnetic  circuit  the  coenergy  stored  in  the  coupling  field  is: 


The  electric  force  acting  on  the  mass  is  [5]: 


The  equivalent  circuit  to  describe  the  power  supply  behavior  is: 


V  =L  —  +  Ri  +  v=L  —  +  Ri  +  k 
dt  dt 


.  dx  di 

i - hx — 

dt  dt 


di  ,  ,  di 

F  =L - \-Ri  +  kiv  +  kx — 

dt  dt 


dx 


where  the  velocity  is  v  =  —  and  L  is  the  circuit 

dt 


The  rail  resistance,  R  (x) ,  does  depend  on  the  position  x  of  the  mass  in 

The  differential  equation  for  the  current  is: 

di  F  -  Ri  -  kiv 


dt 


L  +  kx 


where  R  is  the  circit  resistance 


inductance 
the  railgun. 


L  R 


The  differential  equations  to  describe  the  electromechanical  system  are: 

dx  _  dv  _  d^x  _  _  fe  _K~  ~ 

dt  dt  df  m  dt  L  +  kx 

The  above  equations  were  then  programmed  into  Simulink  and  a  model  was 
developed  to  verify  characteristic  output  curves  for  time  based  current  and  voltage. 
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Clock 


Figure  5.  Simulink  Model  of  a  Railgun  [from  Ref  4], 

3.  Component  Selection 

Details  on  the  snubber  circuit  and  Gate  control  circuit  are  in  sections  II.B  and 
II.C.  In  order  to  hold  off  the  maximum  voltage  of  the  capacitor,  two  thyristors  are  placed 
in  series,  as  shown  in  Figure  2,  so  that  the  maximum  voltage  across  a  thyristor  during  the 
hold  off  condition  will  be  5000  V.  Figure  6  gives  the  specified  maximum  hold  off 
voltage  of  these  thyristors  to  be  6500  Vdsm  [6].  The  data  sheet  also  specifies  the 
maximum  current  to  be  71.4  kA;  however,  ABB  has  calculated  maximum  sustainable 
currents  greater  or  equal  to  180  kA  for  pulses  shorter  than  3  ms,  as  shown  in  Figure  7.  In 
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order  to  control  the  current  rise  with  respect  to  time  a  minimum  of  4  pH  inductor  is 
needed.  Specified  maximum  tum-on  dl/dt  to  these  thyristors  is  lx  10^  A/s.  For  a  high 
quality  factor  tank  circuit: 


Figure  6. 


Figure  7. 


dl  . .  CVq  _  4V„ 

dt  ~  {TT^cjlf  Jr^L 
where  C  =  capacitance(8.3xl0^  F) 

L  =  Circuit  Inductance  (H)  and  Vg  is  the  inital  charge  on  C. 

IfV=10\thenL3  ^^^=4xl0"®H. 

7l"l0' 


ABB  Data  Sheet  for  the  5STP  42U6500  Phase  Control  Thyristor  [from  Ref  6]. 


Surge  on-state  current  vs.  pulse  length.  Half-Sine  wave,  [from  Ref  6]. 
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4.  Summary 


This  model  of  the  electromechanical  behavior  of  a  railgun  was  developed  to 
predict  the  electrical  stress  on  a  solid  state  switching  power  supply.  From  this  model 
component  selections  were  made  and  detailed  sub-circuits  were  further  developed. 

Simulation  results  shown  in  Figures  8  and  9  were  consistent  with  laboratory  data. 


Velocity,  Position  and  Force 


Figure  8.  Simulated  behavior  of  mechanical  variables 
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iq'^  Railgun  current 


Figure  9.  Simulated  railgun  current 


B.  SNUBBER  CIRCUIT 

I.  Introduction 

The  snubber  circuit  is  designed  for  two  separate  states  of  operation.  The  first 
state  is  considered  the  static  condition  and  it  is  the  point  at  which  the  thyristors  are 
holding  off  the  charged  capacitor.  Due  to  manufacturing  tolerances  each  thyristor  will 
have  a  slightly  different  leakage  current.  Thus,  the  thyristors  will  not  share  the  voltage 
evenly.  Placing  a  bleed  resistor  in  parallel  with  one  thyristor  develops  a  voltage 
potential.  Repeating  this  on  the  second  thyristor  with  an  equal  resistor  ensures  that  each 
device  is  at  the  same  voltage  and  therefore  the  static  load  is  equivalent. 

The  second  state  of  operation  for  the  snubber  circuit  is  the  dynamic  state.  This 
state  is  defined  as  the  point  in  which  one  thyristor  has  been  triggered;  however,  the 
second  thyristor  has  not.  During  this  time  the  Resistive-Capacitive  (RC)  portion  of  the 
snubber  circuit,  which  has  also  been  placed  in  parallel  with  the  thyristor,  will  resist  the 
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change  in  voltage  and  hold  the  voltage  potential  on  the  non-triggered  deviee  for  a  brief 
moment.  During  the  delay  the  seeond  thyristor  will  be  triggered  and  thereby  release  the 
energy  from  the  capaeitor  into  the  induetor. 

2.  Model  Simulation  Using  Matlab 

Figure  10  is  a  subsystem  inside  the  Power  Supply  Model  simulation. 


-1/Rsnubber 


Figure  10.  Simulink  Model  for  Snubber  Cireuit  Component  seleetion  [from  Ref  4]. 

3.  Component  Selection 

The  following  eomponent  values  were  input  into  the  simulation  above  to  obtain 

Figure  11.  To  ensure  eaeh  thyristor  shares  the  same  voltage  in  the  static  condition  fifteen 

1  Mf2  resistors  were  plaeed  in  parallel  to  make  an  equivalent  70  kQ  resistor.  To  ensure 

the  max  voltage  on  second  thyristor  does  not  exeeed  the  6500  kV  limit  during  the 
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dynamic  condition,  six  6000  V  ,  0.068  |af  film  capacitors  were  placed  in  parallel  to  make 
an  0.408  pf  equivalent  capacitor.  These  capacitors  were  placed  in  series  with  four  2.2  Q 
resistors.  PCB123  was  used  to  make  the  PCBs  and  is  shown  in  Figure  11. 


Figure  11. 


Thyristor  fonyvard  voltage 


Simulated  thyristor  voltage  sharing  when  the  tum-on  differs  by  0.5  ps 
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Figure  12.  Snubber  eireuit  pictures  from  top  left  moving  clockwise.  PCB123  board 

layout,  PCB123  3-D  View,  Side  view.  Top  View. 

4.  Summary 

The  model  that  was  shown  in  Figure  10  for  the  subsystem  in  the  power  supply 
design  was  used  for  determining  the  values  of  the  components  of  the  snubber  circuit. 
Figure  1 1  shows  that  thyristor  1  and  2  share  voltage  up  until  the  time  when  the  first 
thyristor  is  triggered.  With  out  triggering  the  second  thyristor,  voltage  begins  to  build  up. 
Figure  11  shows  that  with  the  modeled  components  the  second  thyristor  must  be 
triggered  within  0.5  ps  to  stay  well  within  the  6500  Vdsm  limit. 

C.  GATE  CONTROL  CIRCUIT 

1.  Introduction 

The  objective  of  the  gate  control  circuit  was  to  simultaneously  turn  on  both 

thyristors  by  taking  a  single  input  light  signal  and  converting  it  into  two  equivalent 
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current  pulses.  Sections  C-2  through  C-4  go  into  detail  on  how  this  was  accomplished. 
One  of  the  main  objectives  of  this  thesis  was  to  ensure  that  the  thyristors  were  kept  from 
false  triggering,  Seetion  C-5  covers  this  in  detail  along  with  describing  the  cireuit 
proteetion. 

2.  Signal  Conditioning  for  One  Gate  Control  Circuit 

The  recommended  eurrent  waveform  for  triggering  the  thyristors  was  provided  in 
the  data  sheet  and  is  shown  in  Figure  13.  This  waveform  was  the  driving  factor  in  the 
gate  control  circuit  design.  A  thyristor  is  a  eurrent-controlled  bipolar  semiconduetor.  In 
order  to  make  sure  the  thyristor  turns  on  when  directed  the  device  needs  a  current  pulse 
(Igm)  between  2  and  5  A.  As  per  the  data  sheet,  see  Appendix  A,  this  eurrent  is  not  to 
exceed  10  A  (Ifgm).  The  time  frame  in  whieh  to  reaeh  the  90  pereent  of  the  Iqm  is  less 
than  or  equal  tol  ps  .  The  duration  (tpi)  of  this  first  pulse  needs  from  5  to  20  ps .  The 
seeond  pulse  (tp2)  is  used  to  ensure  that  the  thyristor  remains  on  for  the  entire  event.  The 
intent  of  this  design  was  to  apply  the  first  current  pulse  at  5  A  for  20  ps  and  then  apply 
the  seeond  pulse  for  0.5  A  for  10  ms.  To  ereate  the  single  current  waveform  two  separate 
pulses  were  magnetieally  eoupled  together  into  a  single  output,  Igs.  Igs  is  shown  in  Figure 
13.  The  first  pulse  will  be  set  to  20  ps  and  the  second  pulse  will  be  set  to  10  ms .  Rgi  will 
set  Igi  to  5  A  and  Rg2  will  set  Ig2  to  0.5  A. 


Figure  13.  Reeommended  gate  current  waveform  [from  Ref  6]. 
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Figure  16  is  the  circuit  diagram  of  the  gate  driver  circuit  and  Figure  17  is  a  picture 
of  the  same  circuit.  Each  of  these  figures  have  been  broken  into  8  sections  to  better  aid  in 
the  following  circuit  description. 
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Figure  16.  Top  down  view  of  Gate  Control  Circuit. 


Section  1  is  an  off-the-shelf  GSC25  Low-Voltage  Power  Supply  (LVPS) 
purchased  from  Global  Performance  Switchers.  It  takes  120  VAC  and  converts  it  into 
+5/+15  VDC.  Maximum  current  on  the  output  for  the  +5  and  +  15  V  is  2.5  and  1.5  A 
respectively.  The  LVPS  is  fully  protected  against  short  circuit  and  output  overload. 
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Short  circuit  is  cycling  type  power  limit  [7].  Two  modifieations  were  made  to 
ineorporate  this  LVPS.  First,  a  bleed  resistor  of  1.0  kQ  added  as  a  eontinuous  load  to  the 
+15  V  terminal  and  ground  terminal  to  ensure  that  the  LVPS  stayed  in  a  continuous 
regulation  state.  The  bleed  resistor  also  gives  a  path  for  the  holdup  capaeitors  to 
discharge  when  the  power  supply  is  turned  off.  The  second  modification  to  the  LVPS  is 
deseribed  in  the  next  paragraph. 

Section  2  of  the  gate  driver  circuit  is  comprised  of  two  16  V  5600  pF  holdup 
capaeitors.  As  mentioned  in  the  previous  paragraph,  the  output  current  limit  on  the 
+15  V  power  supply  is  1.5  A.  Without  these  eapacitors  the  LVPS  would  be  driven  into 
an  overload  condition  and  the  desired  eurrent  waveforms  would  not  be  produeed.  The 
following  energy  balanee  caleulation  was  made  to  determine  the  capaeitance  needed  to 
ensure  the  two  that  the  current  pulses  were  maintained. 

T  ,  , 

CAP  =  I  Vidt  <-cV^^  15  -(2  -12)  •0.003(FA5)  <  -c(15F)^ 

^  c  >  1  QmF 

To  obtain  the  minimum  capaeitance  needed  the  eapacitors  have  to  be  able  to  drive 
the  largest  desired  eurrent  pulse.  This  pulse  is  defined  as  pair  of  15  V,  12  A,  3  ms  pulses 
and  therefore,  the  minimum  capaeitanee  needed  would  be  10  mF. 

Section  3  highlights  the  fiber  reeeiver.  The  deviee  chosen  here  is  the 
HFBR-2521.  The  output  of  this  device  is  held  high  until  the  light  pulse  is  received.  Onee 
this  happens  the  output  goes  low  and  triggers  the  next  deviees.  A  eritical  point  to 
mention  is  that  the  trigger  pulse  duration  has  to  be  less  than  tpi  as  defined  in  section 
II.C.2.  Power  eomes  from  the  +5V  of  the  LVPS. 

The  next  seetion  is  seetion  4  and  is  eomprised  of  two  LM555  Monostable  timer 
eireuits.  The  LM555s  are  each  accompanied  by  the  RC  network  needed  to  set  the  output 
timing  and  one  0.01  pF  eapaeitor  for  filtering.  Onee  the  input  is  a  signal  goes  from  high 
to  low,  the  output  is  inverted  and  goes  from  low  to  high  based  off  the  values  of  the  RC 
network.  Figure  17  from  LM555  data  sheet  and  Table  1  show  the  resistor  and  eapaeitor 
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values  need  to  set  the  timing  pulse  tpi  and  tp2.  The  data  sheet  refers  to  the  timing  pulse  as 
the  time  delay  td.  The  output  of  this  stage  is  from  low  to  high.  Power  for  the  LM555’s 
comes  from  the  +5  V  LVPS. 


11X14431  iTtllOvTlilOOrtQ  1$  10$  100$ 

MCJ7aE1-T 

Figure  17.  RA  Values  to  set  td  based  off  specific  C  values,  [from  Ref  (8)] 


tpl 

tp2 

Ra 

1.49  kQ 

68.0  ka 

c 

0.01  pF 

0.1  pF 

td 

10  ps 

8  ms 

Table  1.  LM555  resistor  and  capacitor  component  values  to  set  the  timing  for  the  current 

pulse  Igi  and  Ig2- 

Now  that  the  timing  of  the  two  pulses  is  set,  the  peak  current  of  each  pulse  is 
established  via  a  MIC4452  non-inverting  MOSFET  driver  and  resister  combination.  This 
is  shown  in  section  5  of  Figure  16  and  17.  From  Figure  14  the  voltage  drop  on  the 
resistor  Rg  will  set  the  current  Ig.  Table  2  shows  the  values  of  Rgi  and  Rg2  needed  to 
obtain  Igi  and  Ig2.  For  protection  a  schottky  diode  was  put  in  before  the  transformer  to 
prevent  reverse  current  back  onto  the  drivers.  Power  for  the  drivers  comes  from  the  +15  F 
LVPS. 
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Igi 

Ig2 

R 

2.2  Q 

22  Q. 

Peak  Current 

5  A 

O.OA 

Table  2.  Resistance  values  to  set  Igi  and  Ig2- 


Section  6  is  the  high  voltage  isolation  section  of  the  gate  driver.  Magnetic 
coupling  of  the  control  circuit  was  critical  due  to  the  high  blocking  voltage  on  the 
thyristor  which  is  coupled  through  the  gate.  The  transformers  are  500174K  Magnetics 
tape  wound  core  made  of  magnesil  material.  The  major  design  consideration  here  was  to 
minimize  leakage  flux  while  ensuring  the  magnetic  core  did  not  saturate.  After  wrapping 
the  primary  windings  on  the  core  two  layers  of  Kapton  tape  were  used  to  isolate  the 
primary  windings  from  the  secondary  windings.  The  same  was  done  again  after  wrapping 
the  secondary  windings  onto  the  core.  Details  regarding  the  High  Voltage  (HV)  isolation 
tape  can  be  found  in  Appendix  (C).  The  second  function  of  the  core  was  to  combine  the 
two  current  pulses  Igi  and  Ig2  into  a  single  output  pulse  Ig3.  There  are  25  windings  on  the 
core  with  a  turns  ratio  of  one. 

Section  7  is  the  voltage  clamp  and  it  was  designed  to  protect  the  gate  to  cathode 
from  over-voltage.  The  clamp  is  made  up  of  the  two  zener  diode  stacks  placed  in  parallel 
with  the  output  of  the  transformer  and  the  gate/cathode  of  the  thyristor.  Each  stack  has  a 
10  F  breakdown  voltage  in  the  forward  direction  and  5  F  breakdown  voltage  in  the  reverse 
direction.  Finally,  section  8  is  the  output  of  the  gate  driver  circuit  and  is  connected  to  the 
gate  and  cathode  of  the  thyristor. 

3.  Signal  Sequencing  for  Both  Gate  Control  Circuits 

A  second  pulse,  identical  to  the  one  described  in  the  eight  steps  above,  had  to  be 
produced  within  in  0.5  psas  mentioned  in  Chapter  II.  As  indicated  in  Figure  10,  the 
model  shows  that  the  time  difference  between  each  thyristor  turning  on  has  to  be  less 
than0.5//.s  .  All  the  sections  that  were  described  in  the  part  II.C.2  were  duplicated  on  the 
same  board.  The  input  light  pulse  also  triggers  the  second  set  of  LM555s.  To  save  space 
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on  the  Printed  Circuit  Board  (PCB)  the  second  HV  transformer  was  placed  on  the 
underside.  See  Figure  18.  Care  was  taken  during  component  layout  to  ensure  all  signal 
paths  were  of  equivalent  size  and  length. 


Figure  18.  Side  view  of  Gate  Control  Circuit 


4.  Model  Simulation  Using  Matlab  to  Design  the  Transformers 

Simulink  was  used  to  model  the  transformers.  The  purpose  behind  modeling  the 
transformers  was  to  determine  if  the  transformers  were  going  to  saturate  and  thereby  not 
let  the  current  pulse  be  transferred  to  the  secondary  coil.  The  manufactures  data  was  put 
into  the  model  along  with  the  component  values  of  resistors  that  set  Iqi  and  Iqi  listed  in 
Table  2.  See  Appendix  (B)  for  the  MATLAB  code  used  to  set  these  values.  Figure  19 
shows  the  model.  Three  state  conditions  exist  for  the  model.  The  first  is  when  both  Iqi 
and  Ig2  turn  on.  The  second  is  when  Iqi  is  turned  off  and  Ig2  is  still  applied,  and  the  third 
is  when  both  Igi  and  Ig2  are  both  off.  Figure  20  shows  the  details  of  each  of  subsystems 
and  Figure  21  shows  the  output  current.  The  blue  trace  is  Igi,  the  green  is  Ig2  and  the  red 
trace  is  Ig3. 
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Figure  19.  Simulink  Transformer  Model  to  Determine  Values  of  Rgl  and  Rg2. 
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Figure  20.  Details  of  subsystem  in  Simulink  Model. 
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5.  False  Triggering  Suppression  and  Circuit  Protection 

False  triggering  is  a  major  concern  when  using  thyristors  in  a  noisy  environment. 
To  use  this  design  to  its  fullest  extent  it  has  to  be  able  to  work  in  proximity  to  spark  gap 
power  supplies.  These  supplies  produce  significant  BMP.  Electrical  isolation  and 
shielding  was  incorporated  into  the  design  to  keep  the  thyristors  from  false  triggering. 
Figure  22  from  the  ABB  data  sheets  specifies  a  minimum  value  for  the  gate-trigger 
current  (Iqt)  to  be  greater  than  400  mA  and  a  gate-trigger  voltage  (Vgt)  to  be  greater  than 
2.6  V  when  operating  the  device  at25  °C.  As  the  temperature  of  the  device  increases 
ABB  states  that  the  thyristor  can  potentially  trigger  on  a  gate  signal  of  only  0.3  V 
and/or  10  mA;  however,  operation  at  room  temperature  is  planned  for  this  power  supply. 
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5STP  42U6500 


Triggering 

Maximum  rated  values 


Parameter 

Symbol 

Conditions 

min 

typ 

max 

Unit 

Peak  forward  gate  voltage 

VpGM 

12 

V 

Peak  forward  gate  current 

Ifgm 

10 

A 

Peak  reverse  gate  voltage 

Vrgm 

10 

V 

Average  gate  power  loss 

P  G(AV) 

see  Fig.  9 

Characteristic  values 


Parameter 

Symbol 

Conditions 

min 

typ 

max 

Unit 

Gate-trigger  voltage 

Vgt 

Tvj  =  25  “C 

2.6 

V 

Gate-trigger  current 

Igt 

T-25  »C 

400 

mA 

Gate  non-trigger  voltage 

Vgd 

Vq  =  0.4  X  Vqrm,  T^jmax  =  1 10  °C 

0.3 

V 

Gate  non-trigger  current 

Igd 

Vd  =  0.4  X  Vdrm,  Tvjmax  =  1  lO^C 

10 

mA 

Figure  22.  Maximum  rated  values  for  triggering  [from  Ref  6]. 


Isolation  is  accomplished  in  these  layers  via  two  transformers.  The  first  isolation 
from  the  120  VAC  from  the  wall  outlet  to  the  output  of  the  LVPS  will  block  any 
disturbances  being  fed  back  from  the  outlet.  The  second  isolation,  between  the  control 
circuits  and  the  gate/cathode  connections,  will  prevent  high  voltage  from  being  fed  back 
to  the  control  circuit  and  thereby  causing  damage.  Figure  25  shows  the  two  isolation 
transformers  outlined  in  blue. 

Shielding  was  incorporated  to  suppress  possible  BMP  and  was  accomplished  via 
two  methods.  A  copper  ground  plane  was  chosen  for  high  frequency  protection  copper 
and  for  low  frequency  protection  a  mumetal  box  encases  the  entire  circuit  board.  Figure 
23  shows  the  process  of  calculating  the  attenuation  loss  in  dB  based  off  the  thickness  of 
the  material  used  and  the  skin  depth  of  each  material.  The  thickness  of  the  mumetal  is 
0.035  in  and  by  taking  the  ratio  of  the  thickness  to  the  skin  depths  Figure  23  produces  an 
attenuation  of  15  dB  at  60  Hz  and  90  dB  of  attenuation  at  1  kHz.  The  thickness  of  the 
copper  is  0.0014  in.  Following  the  same  process  yields  attenuation  of  15  dB  at  10  MHz 
and  90  dB  at  1  GHz.  The  yellow  box  in  Figure  25  shows  where  the  copper  ground  plane 
is  located  on  the  gate  control  PCB.  The  mumetal  box  is  not  shown. 
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To  minimize  pickup  all  the  control  signals  were  kept  to  a  minimum  length  and 
were  placed  in  the  inner  layer  of  the  PCB. 

Minimum  creepage  and  clearance  was  also  a  concern  and  had  to  be  maintained. 
Figure  24  lists  the  minimum  surface  creepage  distance  to  be  56  mm  (2.2  in)  and  the 
minimum  air  strike  distance  to  be  22  mm  (0.86  in).  The  red  arrows  in  Figure  25  show  the 
major  points  of  contention.  Each  of  these  lines  will  be  a  minimum  of  1  in.  As 
mentioned  above,  the  transformers  are  wrapped  in  Kapton  tape  with  each  layer  of  tape 
rated  to  block  10  kV. 


Mechanical  data 

Maximum  rated  values 


Parameter 

Symbol 

Conditions 

min 

typ 

max 

Unit 

Mounting  force 

Fm 

120 

135 

leo 

kN 

Acceleration 

a 

Device  undamped 

50 

m/s^ 

Acceleration 

a 

Device  clamped 

100 

m/s^ 

Characienstfc  vatues 


Parameter 

Symbol 

Conditions 

min 

typ 

max 

Unit 

Weight 

m 

3.6 

Housing  thickness 

H 

Fm  =  135kN,T3  =  25  X 

34.8 

35.5 

mm 

Surface  creepage  distance 

Ds 

56 

mm 

Air  strike  distance 

D. 

22 

mm 

1)  Maximum  rated  values  indicate  limits  beyond  which  damage  to  the  device  may  occur 


Figure  24.  Minimum  surface  creepage  distance  and  air  strike  distance. 


Figure  25.  BMP  Suppression  and  Creepage  and  Clearance. 
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6.  Summary 


Although  this  circuit  may  seem  simplistic  it  was  paramount  that  an  identical 
current  pulse  be  delivered  to  each  thyristor  at  nearly  the  same  time.  It  was  critical  that 
the  circuit  be  designed  to  prevent  a  false  triggering  of  the  thyristors.  These  objectives 
were  accomplished  by  using  shielding  for  noise  suppression.  Isolation  transformers  were 
used  to  protect  the  LVPS  and  control  circuit  from  the  outlet  and  from  the  high  voltage  on 
the  thyristors.  Finally  the  physical  layout  of  the  components  maintains  the  minimum 
creepage  and  clearance  distances.  PCB123  was  used  to  for  the  design  layout  and  is 
shown  in  Figure  26  and  Figure  27. 


28 


Figure  26.  PCB  123  top  view  of  the  gate  control  circuit. 


Figure  27.  PCB  123  3-D  view  of  the  gate  control  circuit. 
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III.  EXPERIMENTAL  DATA  ACQUISITION  FOR  GATE 

CONTROL  CIRCUIT 

A.  INTRODUCTION 

Three  changes  made  from  the  initial  design  are  described  in  section  III.  B.  Data 
collection  for  the  gate  control  circuit  started  by  identifying  the  correct  high  voltage 
isolation  transformer.  Signal  sequence  testing  was  completed  next,  then  the  peak  currents 
and  timing  were  tested.  Finally,  the  di/dt  for  the  gate  was  measured  to  determine  the 
circuit  delay  from  the  time  between  when  the  fiber  pulse  was  sent  and  the  start  of  both 
thyristors  gate  pulse  signals. 

B.  CONSTRUCTION 

Upon  initial  testing  a  problem  with  the  power  supply  was  noted.  When  measuring 
the  +5  V  or  +15  V  supply  the  reading  would  cycle  up  and  then  back  down  to  zero.  It  was 
determined  that  the  supply  had  to  be  under  continuous  load  to  regulate.  A  1  kQ  resistor 
was  added  to  the  +15  V  terminal  and  ground. 

The  board  that  was  tested  was  the  second  of  two  built.  On  the  first  board  a  faulty 
LM555  had  to  be  replaced.  During  the  de-soldering  the  board  was  permanently  damaged 
and  caused  the  +5  V  supply  to  be  grounded.  For  the  second  board,  chip  sockets  were 
used.  These  sockets  were  not  used  initially  in  trying  to  keep  the  signal  traces  small; 
however,  final  testing  showed  they  did  not  adversely  affect  the  circuit. 

Initially  a  HRBF-2821  was  chosen  as  the  fiber  receiver  based  on  its  performance 
as  specified  by  the  manufacture.  Testing  revealed  it  was  not  the  same  type  of  receiver  as 
all  the  other  HFBR-2X21;  therefore,  a  receiver  was  used  instead.  A  second  socket  with 
wire  wraps  and  jumpers  was  used  on  top  of  the  board  socket  to  handle  the  changes  in  the 
in  HFBR-2121  receiver’s  pinout. 
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C.  DATA  COLLECTION 

1.  High  Voltage  Isolation  Transformer 

To  determine  the  most  effieient  eoil,  4  different  wire  wrapped  coils  were  made. 
Figure  28  shows  the  results  of  this  testing.  The  blue  trace  is  that  of  the  fiber  optic  signal 
set  to  give  a  low  voltage  for  10  //s  .  Iqi  is  the  blue  wire  and  Ig2  is  the  magenta  wire.  Each 
of  the  blue  and  magenta  wires  shown  in  the  figure  are  the  primaries.  The  secondary  coil, 
Ig3,  is  the  orange  wire. 

Core  1  has  a  turns  ratio  of  N=l:l  with  the  core  completely  covered  in  the  primary 
windings  each  having  43  turns.  The  secondary  coil  is  tightly  wrapped  on  the  right  half  of 
the  core.  As  the  plot  shows,  this  did  not  give  the  desired  coupling  with  a  low  di/dt  rise 
time. 

For  core  2  the  primary  windings  were  pulled  back  to  match  the  area  of  the 
secondary.  Now  the  turns  ratio  was  N=l:2.  Although  this  configuration  had  the  desired 
coupling  with  a  high  di/dt,  the  current  was  now  reduced  by  half 

Cores  3  and  4  are  similar  with  a  turns  ratio  of  N=l:l  and  the  secondary  loosely 
wrapped.  The  difference  is  core  3  is  completely  wound  with  43  turns  and  core  4  is  only 
wrapped  half  with  25  turns.  Core  4  was  chosen  because  of  its  slightly  better 
performance. 
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chli  2.00  V  |Ch2l  lO.OmVQ  |M|10^MS  Aj  Chi  1.88  V 

Turns  Ratio  N=1:1 

-  Problem;  Secx)ndary  windings  are  not 
coupling  enough  of  the  energy 

Turns  Ratio  N=1:2 

-  Problem;  The  Current  is  Bucked  and  the 
Voltage  is  Boosted 

Turns  Ratio  N=1:1(Full  core  wrap) 

-  Problem;  Not  as  strong  of  coupling  as 
number  4 

Turns  Ratio  N=1:1(Half  the  core  is  wrapped) 

-  Chosen  design. 


Figure  28. 


Results  from  transformer  testing. 
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2.  Sequence  Testing 


To  test  the  circuit  board  two  Integrated  Bipolar  Junction  Transformers  IGBTs 
were  used  for  their  PN  junctions.  This  was  to  simulate  the  gate  to  cathode  connections 
on  the  thyristors.  A  Pearson  Transformer  was  used  on  each  gate  signal  to  measure  the 
current.  Figure  29  shows  the  test  set  up. 


Figure  29.  Gate  control  circuit  test  set  up. 


Figure  30  shows  that  both  rise  to  5  A  in  20  //s  and  are  held  on  at  0.5  A  for  at 
least.  50  //s  This  closely  matches  the  desired  from  ABB  as  shown  in  Figure  3 1 .  Figure 
32  shows  that  the  delay  from  the  time  the  fiber  receiver  sends  the  low  pulse  to  the  time 
Ig3  starts  to  be  300  ns.  Both  Iqss  for  each  thyristor  rise  at  the  same  time  and  reach  the  90 
percent  of  Iqm  (defined  as  f  in  Figure  31)  ini  //s  . 
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Trigger  1 


Trigger  2 


Q 


4i 


Both  trigger  1 
and  trigger2  rise 
to  5A  in  20|js 
and  heid  on  at 
O.SAfor  50|js. 


Chl|  ibomv  liiEl  I00mv  Iivi'ToTom^'"^  Chi  I  4or6mV 


Figure  30.  Output  waveforms  from  the  gate  control  circuit. 
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Figure  32.  Gate  control  circuit  time  delay  and  rise  time. 
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IV.  CONCLUSIONS  AND  RECOMMENDATIONS 


A.  INTRODUCTION 

The  final  chapter  will  start  by  covering  a  brief  discussion  on  validation  of  the 
models  and  then  it  will  move  into  discussing  how  the  research  question  was  answered. 
Because  the  fabrication  of  the  entire  supply  was  not  completed  the  majority  of  the  future 
work  will  reside  in  testing  and  optimizing  these  models.  This  chapter  ends  with 
conclusions. 

B.  VALIDATIONS  OF  MODELS 

The  gate  control  circuit  model  proved  to  be  helpful  in  ensuring  the  magnetic  cores 
were  not  going  to  saturate.  Now  the  model  can  be  used  to  see  how  changing  components, 
such  as  the  resistors,  will  affect  the  output  current  pulse.  The  models  for  both  the 
snubber  circuit  and  the  railgun  will  be  validated  in  future  testing. 

C.  RESEARCH  QUESTION  ANSWERED 

The  intent  of  this  thesis  was  to  provide  the  Naval  Postgraduate  School  Railgun 
Lab  with  a  solid  state  power  supply  design.  The  supply  was  designed  and  now  the  supply 
is  well  on  its  way  to  final  construction  and  testing.  The  snubber  circuit  was  built  and 
waits  testing.  The  gate  control  circuit  was  built  and  bench  tested.  The  results  from  the 
testing  were  better  than  expected  with  the  delay  between  the  two  triggers  so  small  it  is 
said  to  be  simultaneous. 

D.  FUTURE  WORK 

The  next  round  of  testing  should  include  testing  the  gate  control  circuit  next  to  the 

spark-gap  power  supplies  when  they  are  fired.  This  test  will  ensure  that  the  false 

triggering  mitigation  designs  work  to  an  acceptable  level.  Next,  the  rest  of  this  supply 

needs  to  be  put  together  in  a  housing.  Figure  33  shows  the  initial  arrangement  of  parts  in 

the  proposed  power  supply.  The  thyristors  (red  and  blue  disks)  and  crowbar  diodes 

(yellow  and  green  disks)  are  clamped  directly  above  the  capacitor  (blue  upright 

37 


rectangular  box)  via  a  single  clamp.  The  light  green  cylinder  is  the  inductor.  Figure  33 
also  shows  the  proposed  placement  of  the  snubber  circuit  boards.  Figure  34  shows  the 
spark-gap  power  supplies.  Each  of  the  two  power  supplies  shown  are  placed  in  the  same 
size  housing  as  the  proposed  design  in  Figure  33.  By  reducing  the  volume  of  the 
switching  components  the  inductor  is  now  be  placed  inside  the  power  supply  hosing. 
Once  the  new  supply  is  built  testing  and  optimization  for  the  entire  system  can  then 
begin. 


Figure  33.  CAD  drawings  of  the  new  power  supply. 
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Figure  34.  Picture  of  the  spark-gap  power  supplies. 


Future  projects  include  modeling  and  observing  how  theses  power  supplies  can  be 
paralleled  together  to  form  a  pulse  forming  network.  Integrating  the  output  inductor  into 
the  bus  network  would  reduce  the  resistance  of  the  power  supply  and  has  the  potential  for 
increasing  the  efficiency  of  the  railgun. 

E.  CONCLUSIONS. 

Although  the  final  power  supply  was  not  completed  and  tested,  much  progress 
was  made  in  converting  over  from  the  expensive,  noisy,  non-efficient,  and  larger  power 
supplies  to  a  new  design  that  will  be  cheaper,  less-noisy,  more  efficient,  and  smaller. 
Using  commercial  products  to  do  military  applications  is  not  straight  forward.  Because 
this  application  is  so  different  than  the  planed  intent  a  new  data  sheet  will  be  written  from 
future  testing.  In  turn,  this  will  allow  the  purchase  of  even  smaller  devices  or  allow  more 
capacitors  to  be  controlled  by  a  single  thyristor. 
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APPENDIX  A 
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APPENDIX  B 


Matlab  code  for  the  transformer  design: 


%Transformer  design  equations 

%Magnetics  Magnesil  tape  wound  toroid  50017,  4  mil  material 
%ID  2  inches,  OD  2.5  inches,  thickness  0.5  inches 
%ID  .0508  m  ,  OD  .0635  m  ,  thickness  .0127  m 
le=.1795; 

Ae= . 68 9/100^2  %  meters^2 

uo=4^pi^le-3 ; 
ur=40000 ; 

le=.152;  %meters 

turns=25;  %Original  Value 
%turns=10;  %Changed  Value 

ipeak=2  4 ; 

B=uo'^ur'^turns'^ipeak/le/10^-4  %gausses 

indue  tance^uc^ur"^  turns  ^  2  "^Ae/le  %H 

H2  =  0 . 4 '^pi'^turns'^ipeak/  (Ic^lOO)  %oersteds 


Nl=turns ; 

N2=turns ; 

N3=turns ; 

Lleak=le-6;  %Original 
%Lleak=20e-6;  %Changed  Value 
Lll=inductance;  %Convert  to  henries 

L22=N2^2/N1^2^L11;L33=N3^2/N1^2^L11; 

L12=N2/N1^L11;L21=L12; 

L13=N3/N1^L11;L31=L13; 

L23=N3/N2^L22;L32=L23; 

%third  coefficient  is  negative  in  each  row  because  the  winding  polarity 
is 

%reversed . 

Lmat= [Lll+Lleak  L12  -L13;  L21  L22+Lleak^N2^2/N1^2  -L23;  L31  L32  -L33- 
Lleak^N3^2/N1^2] ; 

Rgl=2 . 0; 

Rg2=20; 

Rg3=. 005; 

Rmat=[Rgl  0  0;0  Rg2  0;  0  0  -Rg3] ; 
inv_Lmat  =  inv(Lmat); 

Lmat2x2  =  Lmat ( 2 : 3 , 2 : 3 ) 

Rmat2x2  =Rmat ( 2 : 3 , 2 : 3 ) 
inv_Lmat2x2  =  inv (Lmat2x2 ) ; 
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APPENDIX  C 
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ZijJ  geges. 


Manufacturing 

M-aterial 

K-apton*  PST  film  is  synthe-d^d  by -a 
pol>oof>derr5-a1iori  reoclicri  helwseri-an 
aromidiE  rJarJrydride  and -an  aromatic 
tJamine. 

Uniformity 

M-a^eriaJ  shaJI  t-e  unHorm  in  composhiori, 
fi'ee  d  visual  oorrlinuous  scrf^ie 
sor-atches,  -arpd  fres  d  -def^s  SLtch  -as 
wrinkles,  MD  ridges,  strelohe^d  lanes^ 
holes,  and  particulate  cod-aminatbn  1h-at 
would  pre'^wit  Ihie  user  irom  producing 
aoceplaUe  qu-aJhy  produds.  The  rrietef  id 
will  be-  processed  in  machines  eqcipped 
with  static  eiminatorslo  assure  thatihe 
malerial  will  have  less  than  5,COOyohs 
st-alic  cKargp.  Rol  lele^oping  wil  rwt 
e>ioee’d  '/!€■’  (1.6  mrrv. 


Cone 

Rol  ceres- shal  he  d  sutficienrt  strengih 
to  pre'i^nt  oollapsir^ig  from  har>dirig.  The 
standard  core  internal  diarreters -are 
r>omriaJly  2’  arid  6’  ilt  arid  1 52  mml 
whh  1he  folcwing  specifications: 

2’  I.D.  -  2.022’  t  0J0C3’ 
_ I7701  J:  0.20  mml 

S’  I.D.  -  S.Q2E’ t  0.016' 

I1B3.11  t  OAOrm^i 

The  standard  core  malerial  will  be 'fiber. 
Other  core-  rriartef iai  options^  sjjch  as 
plasti:,  -are- afrailafab  on  recfjest. 

Width  Tolerance 

The  ma^umum  variation  in  -film  widlh  irom 
that  spe’iifie’d  on  the  order  shall  be -ac 
follows: 


1’  126  mml 

±16  mi 

or  less 

l±0.-fl0  rriTV 

IVIS’  1o4’ 

±20  mil 

C2T  1o  102  mmj 

I±0j90  rmti 

4l/fe'llO0  mml 

±W  mil 

end  wider 

(t1.60  mml 

Slrt Widtli  Hanp 


laleranw 


The  mimeies  afsetefres" 
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Len^h  TcileranCe 

The-  norririfiJ  rdl  bniglh  k-^pKified  h 
Table  I.TTps  DduaJ  mea&urad  rdl  hnglh 
will  he--tupFJiiedan1hie!  cwe-Int-sl'Dif  rols 
Ihial  -are- 9'  *229  rrirrv  or  wicbr.  Langlh* 
ordered  h  foc^age  will  be- -s^jppJied  1o  a 
lokrarpis  o1  -C',  -i-TTt-  cA  Iwlogs  wcbre’d. 

Pad  Put-Ups 

Availabh  fim  widths  and  rol  diamele-rs 
are--5-peoified  in  Table  1.  Largor  put-Lps-  of 
S’  y.  19’  MSEx-fl&T  mml  ara  ffvalaUe-an 
nsqu-K-l. 


Pad  R<ill  SpecIRcatkns 

1.  Oiro  widlh  will  he- 1l>s  film  wiidlh -C!, 
4.l.^"t3:ZmmJ 

2.  Cors  edige^d^l  i»t  project  mors  than 
l/fe'  IIjS  mml  t-s^^ndlhs  rdl  face- on 
shhsr  dds. 

2.  Cora  shall  nol  bs  ractssed  on  either 
-aids. 

A.  Thie-  oufciide  arpd  startrig  snds  of  ihis 
fih-i-shal  bs  faslerwd  h  a  manrpsrio 
pra'ia-nt  unwhdng. 


6.  ‘"Dkhi-pg  ’  or  'ouppirig  ’  rriay-  rwt 
ewce^d  ViS'  ^1■S  mmX  rrisasurad  with 
aa-lraiigiht  edige-iirc-ss  the-di-an>stsr  of 
Ihio  roll. 


Idble.  1. 


Splices 

Dss-criplion 

All -film  gaugss  ara  joined  wrlha-s-1-aridard 
bun  ^ios,  with  the-  buti  edgc-soos'erad 
on  both  -aides-  with  a  Kapton^1ih~i  bassd 
prassura  senshivo  actwsK's  tape-.  2’  wide- 
-aplicirig  tape- is  uaedior  all -film  gau>g|ss. 


Splioe  Placemenft 

Spike  tapewii  be  centered  on  the  jorrt 
to  li'  (4S  mml.  h  wil  be  smoolhand 
wrinlrJe-fraelo-afi^ddklcftion  o1  Ihe 
ac^acen^l  fihn  Iffirara-  h  the  roil. 


Table  2  sh'Dws  the  n^a>jmLm  number 
oi  spJices  per  rol.  h  -aiso -shows- 1  he 
minimum  lerigth  between  splices  -and 
from  the  beprnrig-and  the  end  c^  a  roll. 


'hble2. 


C»ll>. 

RolDOD. 

UaxlmHrr 

Num  ber  of  SpHoai 
per  Rnil 

ffilnlmat^  Langth  Between  3pir4e«  of  die 
Beglnnrng  and  End  el  ■  R[>ll— ft  Im] 

fn  Cmm] 

in  \^ml 

5DPST 

1GDPST 

ffiopsr 

SEOPsr 

5MF^T 

5DPST 

1D0PST 

SQDPST 

SODPST 

WOPST 

■3ITSI 

011521 

6 

— 

— 

— 

— 

ICO  \2-y\ 

— 

— 

— 

— 

S^^62ii 

9.6  1241) 

10 

— 

— 

— 

— 

ICO  r3*3l 

— 

— 

— 

— 

■31711 

9.6  1241) 

— 

0 

4 

9 

■3 

— 

icoi;xi 

iooi:90) 

100  (■30) 

761231 

0(162) 

11  i279l 

— 

0 

4 

■3 

2 

— 

ICO  i20\ 

100(30) 

100^0) 

761231 

0  (152) 

14  nw 

— 

10 

7 

5 

5 

— 

ICO  i20\ 

100i:3Dfi 

100  i^O) 

761231 
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Packaging  snd  Marking 

P«kaging 

Mut^rinl  sh-aJI  be  -bdequat^hy  pad-eid 
1Q  prvHvn\  Ices  contents  of  damage 
during  d~iiprneri1.  AJI  flm  wil  be  wrapped 
withi  a  ron-tibrou-s-iThatefuJ. 


Eictra  Core  Label 

Arie.idrB  cctelobel  with  the-scluol  pdiII 
bngih  shall  hepl*:ed  on  theoulsideol 
thie-shppingo^ntainef  for  roM  widths  cH 
9'  1229  mmj-arid  wider. 


Markirig 

^lalerialis  identified  ac  -showri  in  Table  S 
to  allow  complete  tr*:e.bhii!ty  to  the  raw 
materials  and  processing 'londhicrrs-: 


Table  3.  Raokoge  Maj-kmg 


Shlpfirnf  Coiffelrwr 

Ptaukage 

CmLobat* 

SdiedjhdDate 

X 

X 

X 

Cuslorrier  Order  fJumher 

X 

X 

DuF^5nt  Order  Numb-er 

X 

X 

X 

Gauge 

X 

X 

X 

Tvpt 

X 

X 

X 

■iVidth 

X 

X 

X 

Numb-erof  Rslls  per  Contarar 

X 

X 

Net  VVei^ 

X 

X 

Actual  Foolage 

X 

Batch  Number 

X 

X 

X 

ID.  andO.D.** 

X 

X 

'  .4f1b»d  bo  Iho  oord  on  al  [or«  2j^Er'  mml  wdo  and  owr. 

IrKbclHj  with  Iho  paclaga  on  al  enree  lass  Ihan  2.25"  lE-7  mni'  wido. 
"  Ik ido  diarriotor  o1  cixo  arid  ni>ninil  cOt-sido  dian-iotcf  o1  ral. 
AvaiablaioriplD  12  [haradars. 


Table  4.  ^eaer-oJ  Ptopertiea 


Ppopartif 

Rlpn-Tfpa- 

MolNedi 

50PST 

IMPS! 

20OPST 

300PST 

500PST 

A«  rag  e  T  h  iikrw  s  s 

V^Migh  1e-5-1  sp>ecrriens  equal  to  the  -Aidth  ol  dit  rol 

Unit  'n'lieighl,  gramiVrir 

and  nol  les-slhan  0.5  meters  bnglo  therwarest 

0.10  grarri  oria  torsiori  balance. 

Minimurri 

^A}1 

3S.0 

0^1 

102.1 

109.5 

To  CDTffinTi  average  th  iikn  ess- 1  ole  ranees,  otrlaina 
sample  consk-ling  of  a  minimum  oi  one  specimen 

Ma^dmum 

2&.0 

■3S.0 

74.2 

115.2 

VM.5 

from  each  cd  several  raridcmJy  sele’iled  sEt  rolls  as 
folb-A^: 

Minimum  No.  ad  Glib 

glit  Roll  Width  Rolls  to  he  Sam  pbd 

Urider  6' 11 52  mml  25  .^-s.r  width  gn  nchesl 

0"^  ^162  mmjand  o-^  Folt 

Single  PoinflThicfcnes-E^ 

Nbosure  in  -Kccrdarpie  whh  ASTM  D-S7t-7&, 

mil  Ipm) 

^^ethod  A  Of  C. 

Oblain  thearierage  oi  lOranidomly  sebotedre^dngs 

Minimum 

0.SS 

0.90 

1.95 

2.72 

4.65 

from  a  minimum  area  od  12  n'  C7T  onvl.  FJecheck 

19.91 

■22.6;- 

';il6.2l 

169.0;- 

1119.1? 

b-efore  rejeding  any  slh  roll.  Abnornral  reaidrige 
mtr^  oooasbnaJly  resuh  from  dusi  parlbbs  or  spd 

Maximum 

O.0S 

1.C6 

2.15 

219 

6.-35 

surf*:e  mperleotbns.  Disoand  such  readrigs  os  the^' 

I1&.EI 

■2fi.2' 

■:E27I 

I9S.3;- 

wil  adiersefi^  a  fife  d  1  he  accuracy' of  n-iea  sure  merits 
designed  to  indicate  general  sheet  Ihkkness. 
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Tablci  6.  Mfickdnkttl  PropnrtiE'D 


PYUfMtftf 

F?lmljf|ia- 

niiriNoiii 

ffiPST 

lODPST  aWf^T  MDPST 

5WF^ 

T-sn-sih  Strenrth,  psi  IMP^I, 
Dt  Z?’C.  rMlachino  Drection 

(MD)  -and  Tr-arrsvwsa 
□riKtbn  ITDI 

Minimum 

3&.OCO 

X.COO 

I1IEJ5I 

■30.0CO 

X.COO 

lllEJGI 

■3Ci.OCO 

aSE^. 

A-STM  MB2-91,  Mdhod  Ausng-an  InstronTsrwile- 
Tflstflr  k-ptcimeri  -tbs:  '  x  S  ’  [12. T  x  1 52  mmi],  jaw 
separatBin:  4’  [102  mml  jaw-s-pwd:  2"^!Wiin  [51  mmi]l. 
CaJculata  lthe-  -ari'efage-o[  &^-5cin>sins  base^dcin  orign-aJ 
mtasurtd  thickJ>ss^^. 

Ebn-gi^diori,  %  MD  errdTD 
Minimurri 

50 

@0 

6S 

€5 

Sama  as  abo^h'«. 

Shrinkage-,  %  MD  ondTD 

Ma]dmum 

2.0 

2.0 

2.0 

2.0 

2.0 

MIL-P-4S112B  'MRl.The-pwoanrt  shrinkjige-  k-oblainc'd 
forahhar  Khe-  MDorTD  by  usirpg  the- -a^ wage- of  thraa 
mevasurwTwnt-s-  in  either  drectian  twfora  and  altar 
ccrididcriing.  Prbr  to  measLrerTiant  thia  Bit’  x  11' 

^13  x27&mrr\i-tpecimeri  k- caniJtioneid  by  lraety 
=uapef>cir>g  lor  2  hr  n  -an  o-«ri  contrdlad  1o  4^30FC  ±  2^. 

Moblurt-abtorption,  ’ft- 
Maximum 

J.O 

4.0 

4.0 

4.0 

4.0 

A3TM  CHSTO^I,  using  2-0  hr  rnmersiori-al  22'^. 
fth-araged  2  spedmens. 

Table-  6.  Ehctric-BJ  Phipef  tiae 


PPDfWftf 

FImljfpa 

Mot  had 

ffiPST  IQDPST  2WPST  31DPST  SWPST 

Diahicltric  Sirerigth, 

AC  woiti^mil  IkV^mm^i 
Minimum 

6.0CO 

11121 

S.700 

I22SI 

6.2CO 

(,nTf 

4.K0 

11771 

2^5CO 

11121 

A3TM  D-142-21.  W-B-eraga  of  10  sp-acirianslL  Flal 
shaat-5-  n  airplaiad  b^t^wan  W'  06  mml  dbrneler 
brass  eieolrode^-  with  I0j2  mml  adga  radius 

subjaclad  to  92  oyobs  AC  vohaga  at  ECiOvdt^^seo 
rale  of  riselolha  bre'ak.dowTi  voh-aga. 

Vbkjn'ia  Ras-BtMty, 

Dicm  at2CO^ 

Minimum 

ier= 

Ki- 

1tf= 

10"= 

A^M  [>257-72. 

Dialadric  Can-stant  a1  1  kHi 

Maximum 

A.O 

3.2 

2.& 

3.2 

2.9 

ApSTM  [>160-21.  Use  oonducling  sifter  p-eirirt 
eieclroda^-,  tw»1emiinal  s^lemof  n^sasuremerit -al 
stanidardooniJtions.  P/asuhs-arebHxadon  -ari  ovar-aga 
oi  blas^ls  LK-hg  measured  thickriass  of  spe^dmens. 

□k-Hpi-albn  Parlor  -at  1  kHi 
Maximum 

0.0C® 

O.C-236 

o.oas 

O.C-726 

0.0033 

3ama  as  ab-Dfs-a. 

nh  t*iwiMwi  t  IkK-dH  lag  MM  n  b4-rel^.  bJEEhfinnibJ  h  iq>K-ji  m  a;  a  hj  KniKf  vd 

uHiui  H  liUb  jfUnuil  h  UH.  1k- -In  iKi  Aa  Kod  ni^  ri  pDdKi  pifHTk;  tn  kc 

tErnsi  ngioUM  qurfeiloi  aMEh-tud!  of  A^.B^chh-DAikhvi  inlpxi  iKitid  ih  ivm 

•fnnioDKHiu  ntrvHch  ds^litankt^^'M  pioihrnf  ti-UBl.h4«-snH|inn4-  li  ikUw-u  i1  ti-N^nxfc« 
oTKta  Mkdikiftf  rti-|»:4ho:|i  n  |Ih  apfiuckL  Uh-j  diMocwhiiHiwi  Efuio>k«Ttw-[k-  ^^ptopianuiofik- 
fiKhci titrt-iEgrkriarpEiposoi  lit  kkfnknnvi  k-  a  revlKwh^  ri  iifwh-n>:-tK[«i  anliU-. 

\Hi  pUdn  b  Kcn  k-  uki  ^  all:«fi4-i>[>f>nK-uih-t  m  mjwKTivtM  o  Hli^. 

tiiJlDiE  [)orHi»  hndfek  apfiuekii^hHk^  pvTUK-rchfriinQitti  bita  hiu  bA  Fk  itw  »ftal  iffltitoi!.  »i 
~[hl^l4»jkalCafkn 

Jlir^i!  wp,  A'^i".  .^4  i^bsiof s:Vi]c^”.  ^ra^0:i£faif 

ac^']^  A;  in*i)a 

m  nir  Fim  ufoulhkys  ibtoduced.  ^iekd  n  a  iefuf/al  ^ii^ny  [«  nuHainEDiH  wfhu  ji  biahit  uah^ 

ElECIFUiQ  lUEEH^fiQ^L.  PtUnEOnil^  FEEHUHa  01  Dflfl^SE  'm\¥IJ\  1FCPf»]l  mnW  EFUr^lKti  [F  DUECHr. 
XAWW  Aistf  t  JS  UH. 


kapton.dupont.com 
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